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Generating a first magnetic field in a first
direction with a first magnetic field strength

301

Distributing the first magnetic field into the
measurement volume to create a substantially
uniform magnetic flux

302

Increasing a total magnetic flux into the
measurement volume by directing a second
magnetic field in a second direction with a second
magnetic field strength, wherein the second
direction is parallel to the first direction

303

Fig. 3
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DEVICE, SYSTEM AND METHOD FOR
OBTAINING A MAGNETIC MEASUREMENT
WITH PERMANENT MAGNETS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Patent Applications 62/372,065 filed on Aug. 8, 2016
entitled “DEVICE, SYSTEM AND METHOD FOR
OBTAINING A MAGNETIC MEASUREMENT WITH
PERMANENT MAGNETS” and U.S. Provisional Patent
Application 62/381,079 filed on Aug. 30, 2016 entitled
“NMR/MRI MAGNET ASSEMBLY COMPRISING
SUPERCONDUCTING COILS AND A FERROMAG-

NETIC POLE PIECE”, incorporated herein by reference in
its entirety.

FIELD OF THE INVENTION

Generally, the present invention relates to magnetic
devices. More particularly, the present invention relates to
devices, systems and methods for obtaining magnetic mea-
surements.

BACKGROUND OF THE INVENTION

Electromagnetic based instruments can be used for mea-
suring properties ol matter and/or used for identifying its
composition. For example, an electromagnetic based instru-
ment capable of performing magnetic resonance spectros-
copy can be used to obtain physical, chemical and/or struc-
tural information about matter (e.g., a molecule). Typically,
in order to perform magnetic resonance spectroscopy, for
example to provide high quality measurements of an object/
subject (e.g., high resolution 1mage and/or image contrast),
it can be desirable for the magnetic field inside of a zone of
measurement (e.g., an area where an object 1s to be mea-
sured 1s positioned) to be substantially stable and/or uni-
form. Other applications (e.g., magnetic resonance 1imaging
(MRI)) can also require a high, stable, and/or uniform
magnetic field strength.

Some systems that use magnetic fields for measurements
can mclude magnetic coils to create the magnetic fields, with
application of current to the coil, while other systems can
utilize permanent magnets to create the magnetic fields,
which typically do not require application of a current.

One difliculty 1n creating a magnetic field in a zone of
measurement with permanent magnet(s) that 1s suflicient for
magnetic resonance spectroscopy and/or magnetic 1maging,
(c.g., that 1s substantially stable and/or uniform) 1s that
magnetic fields produced by the permanent magnets(s) can
be non-homogeneous, thus typically resulting 1n a non-
homogenous magnetic field within the zone ol measure-
ment.

Some current solutions for creating a homogenous and/or
stable magnetic field within a zone of measurement using a
permanent magnet can include adding additional elements to
an 1maging device (e.g., coils) and/or increasing the size of
the permanent magnets. One dithiculty with current solutions
1s that as the number of elements 1n a magnetic measurement
device increases and/or the size of the permanent magnets
increases, the weight, size and/or cost of the device can
increase.

Another difliculty with current solutions 1s that a magnetic
measurement device that 1s heavy can cause a lack of
mobility. For example, for magnetic measurement devices in
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a hospital setting (e.g., magnetic resonance 1maging (MRI)
devices), a heavy and/or large device can prevent hospital

personnel from moving an MRI. This can cause further
difficulties, when 1maging patients that can be hard to move
(e.g., patients that are hooked up to multiple life support
and/or monitoring equipment).

In another example, for magnetic measurement devices 1n
an industrial setting (e.g., nuclear magnetic measurement
(NMR) devices that measure properties of fluids and/or
drilling muds 1n o1l production facilities), a heavy and/or
large device can prevent personnel from measuring the
fluids/muds at various locations 1n the processes.

Therefore 1t can be desirable to achieve a desired mag-
netic field strength, having suflicient homogeneity and/or
stability, and/or reducing a total weight of a magnetic
measurement system.

SUMMARY OF THE INVENTION

There 1s thus provided, 1n accordance with some embodi-
ments of the invention, a magnetic field device, including a
first magnet, a first ferromagnetic element positioned adja-
cent to the first magnet, a second magnet, a second ferro-
magnetic element positioned adjacent to the second magnet
and relative to the first ferromagnetic element to create a gap
between the first ferromagnetic element and the second
ferromagnetic element, and a third magnet positioned
between the first ferromagnetic element and the second
ferromagnetic element and within the gap.

In some embodiments, the third magnet has a first surface
that faces a first surface of the first ferromagnetic element
and a second surface that faces a first surface of the second
ferromagnetic element. In some embodiments, the first sur-
face of the third magnet abuts the first surface of the first
ferromagnetic element and the second surface of the third
magnet abuts the first surface of the first ferromagnetic
clement. In some embodiments, the third magnet has a
dimension that allows the third magnet to translate between
a first position and a second position, the first position being
the first surface of the first ferromagnetic element, the
second position being the first surface of the second ferro-
magnetic element

In some embodiments, the magnetic field device turther
includes a fourth magnet positioned between the first ferro-
magnetic element and the second ferromagnetic element and
within the gap. In some embodiments, the fourth magnet has
a {irst surface that faces a first surface of the first ferromag-
netic element and a second surface that faces a first surface
of the second ferromagnetic element. In some embodiments,
the fourth magnet has a dimension that allows the fourth
magnet to translate between a first position and a second
position, the first position being the first surface of the first
terromagnetic element, the second position being the first
surface of the second ferromagnetic element.

In some embodiments, the first magnet, the second mag-
net and the third magnet are permanent magnets, supercon-
ducting magnets, or resistive magnets. In some embodi-
ments, the first magnet, the second magnet and the third
magnet have dimensions that are based on a desired mag-
netic field strength, a type of object to be 1imaged, or any
combination thereof. In some embodiments, the first mag-
net, the second magnet and the third magnet has a length
between 10 and 1100 millimeters, a width between 10 and
300 millimeters, and a height between 45 and 200 millime-
ters.

In some embodiments, the gap has dimensions that are
based on a type of object to be imaged. In some embodi-
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ments, the gap has a diameter of 190 millimeters. In some
embodiments, the magnetic field device further includes at

least one fifth magnet coupled to the first magnet.

In some embodiments, the third magnet 1s positioned to
cause a decrease of a magnetic field that 1s peripheral to the
magnetic field device. In some embodiments, a first axis of
the magnetic field device 1s defined as passing from the first
ferromagnetic element to the second ferromagnetic element,
wherein the first magnet and the second magnet are posi-
tioned to cause a magnetic field with a magnetization
direction along the first axis, and wherein the third magnet
1s positioned to cause a magnetic field with a magnetization
direction along the first axis.

In some embodiments, the magnetization direction of the
third magnet 1s opposite of the magnetization direction of
the first magnet. In some embodiments, the magnetic field
device 1s positioned within an outer shell, the outer shell
including a metal alloy. In some embodiments, at least one
of the first and second magnets emits a magnetic field with
a predetermined magnetic field strength, wherein the third
magnet emits a magnetic field with a predetermined mag-
netic field strength, and wherein the strength of the magnetic
field of at least one of the first and second magnets 1is
substantially greater than the strength of the magnetic field
of the third magnet. In some embodiments the total magnetic
field produced during operation of the magnetic field device
1s substantially homogeneous and umiform within the gap

There 1s thus provided, 1n accordance with some embodi-
ments of the invention, a method of directing magnetic fields
into a measurement volume, the method including generat-
ing a first magnetic field in a first direction with a {first
magnetic field strength, distributing the first magnetic field
into the measurement volume to create a substantially uni-
form magnetic flux, and increasing a total magnetic flux into
the measurement volume by directing a second magnetic
field 1n a second direction with a second magnetic field
strength, wherein the second direction 1s parallel to the first
direction.

In some embodiments, the method further includes direct-
ing a third magnetic field into the measurement volume 1n a
third direction, wherein the third direction 1s perpendicular
to the first direction. In some embodiments, the method
turther includes positioning an object within the measure-
ment volume, and performing magnetic field analysis on the
object.

In some embodiments, at least one of the first magnetic
field strength, and the second magnetic field strength is
between 0.5 and 1.5 Tesla. In some embodiments, the first
magnetic field strength and the first direction, and the second
magnetic field strength and the second direction are based on
a size ol the measurement volume, a type of object to be
measured, or any combination thereof. In some embodi-
ments, the total magnetic flux 1n the measurement volume 1s
a substantially homogeneous field.

BRIEF DESCRIPTION OF THE DRAWINGS

The subject matter regarded as the mvention 1s particu-
larly pointed out and distinctly claimed in the concluding
portion of the specification. The invention, however, both as
to organization and method of operation, together with
objects, features, and advantages thereof, can be understood
by reference to the following detailed description when read
with the accompanying drawings in which:

FIG. 1A schematically illustrates a perspective cross-
sectional view of a magnetic field device, according to
illustrative embodiments of the invention:
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FIG. 1B schematically illustrates a perspective cross-
sectional view of a magnetic field device having additional

magnets to the device of FIG. 1A, according to illustrative
embodiments of the invention;

FIG. 2A schematically illustrates a frontal cross-sectional
view of the magnetic field device, according to 1llustrative
embodiments of the invention;

FIG. 2B schematically 1llustrates a frontal cross-sectional
view ol the magnetic field device, with additional magnets,
according to illustrative embodiments of the mnvention

FIG. 3 shows a flow chart for a method of directing
magnetic fields mto a measurement volume, according to
illustrative embodiments of the invention;

FIGS. 4A-4H schematically 1llustrate top cross-sectional
views ol various magnetic field devices, according to illus-
trative embodiments of the invention;

FIG. 5A schematically illustrates a frontal cross-sectional
view ol a magnetic field device, according to illustrative
embodiments of the invention;

FIG. 5B schematically illustrates a frontal cross-sectional
view ol a magnetic field device, according to 1illustrative
embodiments of the invention; and

FIG. 6 schematically 1illustrates a frontal cross-sectional
view ol a head magnetic field device, according to 1llustra-
tive embodiments of the invention.

It will be appreciated that for simplicity and clarity of
illustration, elements shown in the figures have not neces-
sarily been drawn to scale. For example, the dimensions of
some of the elements can be exaggerated relative to other
clements for clarity. Further, where considered appropriate,
reference numerals can be repeated among the figures to
indicate corresponding or analogous elements.

DETAILED DESCRIPTION OF TH.
INVENTION

L1

In the following detailed description, numerous specific
details are set forth 1n order to provide a thorough under-
standing of the invention. However, it will be understood by
those skilled in the art that the present invention can be
practiced without these specific details. In other instances,
well-known methods, procedures, and components have not
been described 1n detail so as not to obscure the present
invention.

FIG. 1A schematically illustrates a cross-sectional per-
spective view of a magnetic field device 100, according to
illustrative embodiments of the invention. The magnetic
field device 100 can include an outer shell 111, a first magnet
101 (e.g., a first permanent magnet), a first ferromagnetic
clement 102 (e.g., a first pole piece), and a second magnet
121 (e.g., a second permanent magnet) and a second ferro-
magnetic element 122 (e.g., a second pole piece). In some
embodiments, first magnet 101 and first ferromagnetic ele-
ment 102 and/or second magnet 121 and second ferromag-
netic element 122 can be grouped together as a single unit
(c.g., as an assembly).

The first ferromagnetic element 102 can be coupled to
and/or positioned adjacent to the first magnet 101. The
second ferromagnetic element 122 can be coupled to and/or
positioned adjacent to the second magnet 121. In some
embodiments, the magnetic field device 100 can 1nclude a
third magnet 130, positioned between the first ferromagnetic
clement 102 and the second ferromagnetic element 122.

The first and second ferromagnetic elements 102, 122 can
be coupled and positioned adjacent to a corresponding first
and second magnets 101, 121 such that the first and second
terromagnetic elements 102, 122 can be proximal to a gap
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150 (e.g., zone of measurement) of the magnetic field device
100. The first magnet 101 and the second magnet 121 can be
distal to the gap 150 of the magnetic field device 100. The
magnetization direction of the first magnet 101 can be
parallel to the magnetization direction of the second magnet
121, along the second axis (indicated “X” i FIG. 1A),
where the first and second ferromagnetic elements 102, 122
can face each other with the gap 150 created therebetween.

In various embodiments, dimensions of the gap 150 (and
thus positioning on of the elements 102, 122, 101, 121) can
depend on a subject/object to be measured. For example, 1f
the subject to be measured 1s an adult human head gap 150
can have dimensions that comfortably fit an adult human
head. In another example, 1f the subject to measured 1s a
mouse, gap 150 can {1t the mouse. It 1s apparent to one of
ordinary skill that other objects/subjects can be measured,
and that these are examples.

FIG. 1B schematically illustrates a cross-sectional per-
spective view of a magnetic field device 200, having addi-
tional magnets to the device of FIG. 1A, according to
illustrative embodiments of the invention. The magnetic
field device 200 can include an outer shell 211, a first magnet
201, a first ferromagnetic element 202 (e.g., a first pole
piece), a second magnet 221, a third magnet 230, a fourth
magnet 240, a first ferromagnetic element 202, and a second
ferromagnetic element 222 (e.g., a second pole piece). The
first ferromagnetic element 202 can be coupled to and/or
positioned adjacent to the first magnet 201. The second
ferromagnetic element 222 can be coupled to and/or posi-
tioned adjacent to the second magnet 221.

In some embodiments, the magnetic field device 200 can
include additional magnets such as magnets 103, 123 in FIG.
1A or magnets 203, 223 in FIG. 1B. In some embodiments,
magnets 103, 123 i FIG. 1A are not present.

The first and second ferromagnetic elements 202, 222 can
be coupled to and positioned adjacent to 1ts corresponding,
first and second magnets 201, 221 such that the first and
second ferromagnetic elements 202, 222 can be proximal to
a gap 250 (e.g., zone of measurement) of the magnetic field
device 200. The first magnet 201 and the second magnet 221
can be distal to the gap 250 of the magnetic field device 200.
The magnetization direction of the first magnet 201 can be
parallel to the magnetization direction of the second magnet
221, along the second axis (indicated “X” in FIG. 1B),
where the first and second ferromagnetic elements 202, 222
can face each other with the gap 250 created therebetween.

The third magnet 230 can be coupled to and can be
positioned between the first ferromagnetic element 202 and
the second ferromagnetic element 222.

The third magnet 230 can have a first surface 231 that
faces a first surface 204 of the first ferromagnetic element
202 and a second surface 232 that faces a first surface 224
of the second ferromagnetic element 222. The first surface
231 of the third magnet 230 can abut the first surtace 204 of
the first ferromagnetic element 202 and the second surface
232 of the third magnet 230 can abut the first surface 224 of
the second ferromagnetic element 222. In some embodi-
ments, the third magnet 230 can have a dimension that
allows the third magnet 230 to translate between a first
position and a second position, the first position being the
first surface 204 of the first ferromagnetic element 202, the
second position being the first surface 224 of the second
ferromagnetic element 222.

The fourth magnet 240 can be positioned between the first
terromagnetic element 202 and the second ferromagnetic
clement 222 and within the gap 250. The fourth magnet 240
can have a first surface 241 that faces the first surface 204

10

15

20

25

30

35

40

45

50

55

60

65

6

of the first ferromagnetic element 202 and a second surface
242 that faces the first surface 224 of the second ferromag-
netic element 222. The fourth magnet 240 can have a
dimension that allows the fourth magnet 240 to translate
between a first position and a second position, the first
position being the first surface 204 of the first ferromagnetic
clement 202, the second position being the first surface 224
of the second ferromagnetic element 222.

As 1s apparent to one of ordinary skill in the art, while
magnetic gradient coils (creating a magnetic field with
application of current) can be utilized 1n the gap to provide
a magnetic gradient, an embodiment of the mvention uses
permanent magnets that have no need for magnetic gradient
coils.

In some embodiments, the first magnet 201, the second
magnet 221 and the third magnet 230 are permanent mag-
nets and/or superconducting magnets and/or resistive mag-
nets. The first magnet 201, the second magnet 221 and the
third magnet 230 can have dimensions that are based on a
desired magnetic field strength, a type of object to be
imaged, or any combination thereof.

In some embodiments, at least one of the first magnet 201,
the second magnet 221 and the third magnet 230 has a length
between 10 and 1100 millimeters, a width between 10 and
300 millimeters, and a height between 45 and 200 millime-
ters.

Each of the magnets of magnetic field device 200 has a
direction of magnetization and creates a magnetic field. The
dashed arrows 1n FIG. 1B indicate a direction of the mag-
netization of the particular magnet the arrow 1s displayed on.

The first magnet 201 and second magnet 221 can have the
same magnetization direction along a first axis (indicated
“Y” 1 FIG. 1B), for example a transverse axis of the
magnetic field device 200.

The magnetization direction of the third magnet 230 can
be opposite to the magnetization direction of the first and
second magnets 201, 221 for instance along the first axis
(indicated “Y” i FIG. 1B).

In some embodiments, the first ferromagnetic element
202 and the second ferromagnetic element 222 can extend
and can direct the magnetic field produced by the corre-
sponding first magnet 201 and second magnet 221, and/or
reduce noise from outside of the magnetic field device 200.

FIG. 2A schematically illustrates a frontal cross-sectional
view ol the magnetic field device 200, according to illus-
trative embodiments of the invention. FIG. 2B schematically
illustrates a frontal cross-sectional view of the magnetic field
device 200, with additional magnets, according to 1llustra-
tive embodiments of the invention.

In some embodiments, the magnetic field device 200 can
include additional magnets. For example, turning to FIG.
2B, the magnetic field device 200 can include a fifth magnet
203, and a sixth magnet 223. In some embodiments at least
one of fifth magnet 203 and sixth magnet 223 1s a permanent
magneit.

In some embodiments, the magnetic field device 200 can
include additional magnets 203, 223 while the third magnet
230 can be coupled to the first and second ferromagnetic
elements 202, 222.

In various embodiments, the fifth and sixth magnets 203,
223 are positioned around the first and second magnets 201,
221, respectively, for mstance the sixth magnet 223 can be
positioned around the second magnet 221.

The fifth and sixth magnets 203, 223 can have a magne-
tization direction perpendicular to the magnetization direc-
tion of the first magnets 201 along a second axis (indicated
“X” 1n FIG. 2B) perpendicular to the first axis, for example
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a longitudinal axis of the magnetic field device 200. Accord-
ing to some embodiments, the magnetization direction of the
at least one fifth magnet 203 can be away from the first
magnet 201, and the magnetization direction of the at least
one sixth magnet 223 can be towards the second magnet
221.

As 1s apparent to one of ordinary skill in the art, additional
magnets can be included in the magnetic field device 200.
For example, 1n some embodiments, additional third mag-
nets, fifth magnets and/or first magnets can be used.

In some embodiments, the outer shell 211 can include a
metal alloy, and can allow confining (or substantially con-
fining) the magnetic field created by the magnets of mag-
netic field device 200 within the outer shell 211. In this
manner, the existence of a magnetic field outside of the outer
shell 211 can be zero and/or negligible. For example, 11 a
device that 1s susceptible to the effects of a magnetic field
(e.g., cell phone, pacemaker, etc.) 1s positioned adjacent to
the outer shell 211 outside of the device 200, the magnetic
field 1 that location can have a negligible eflect on the
device. In some embodiments, outer shell 211 can also have
an opening so as to provide access to the gap 250.

In various embodiments, the third magnet 230 and/or the
tourth magnet 240 can have a hollow structure and surround
the gap 250 between the first and second ferromagnetic
clements 202, 222. In various embodiments, the third mag-
net 230 and/or the fourth magnet 240 can be provided 1n a
variety of shapes and sized, for instance cylindrical or
triangular, with varying shape and size.

In case that magnetic field device 200 1s utilized for
magnetic resonant imaging, additional electromagnetic ele-
ments can be included, such as a radio frequency (RF)
generator or field sensors. The third magnet 230 can be
configured to surround the gap 250 between the first and
second ferromagnetic elements 202, 222 in order to for
example, prevent radiation leakage from additional electro-
magnetic elements, for mstance RF generator in magnetic
resonance devices. For example, third magnet 230 can be in
a shape of a hollow cube or a hollow cylinder surrounding
gap 250 1n order to, for example, prevent radiation leakage
from additional electromagnetic elements outside of third
magnet 230.

The third magnet 230 can contribute to causing the overall
magnetic field to be a homogeneous and/or uniform mag-
netic field, for magnetic field device 200 1n the area of
measurement. The third magnet 230 can allow for a reduc-
tion of size, weight, and/or magnetic field strength of the first
and/or second magnets 201, 221 and/or the fifth and/or sixth
magnets 203, 223 due to, for example, the third magnet 230
contributing to the overall magnetic field strength within the
gap. A reduction 1n size of the first and/or second magnets
201, 221 and/or the fifth and/or sixth magnets 203, 223, can
allow for a having lower weight of the magnetic field device
with substantially the same field strength compared to, for
example, a magnetic field device that does not include the
third magnet 230.

In some embodiments, magnetic field device 200 includes
two fifth magnets 203, and also includes two sixth magnets
223. In these embodiments, the ability to reduce the size of
the magnets due to, for example, the third magnet 230 can
provide even further weight reduction of the magnetic field
device.

In some embodiments, at least one of the first and second
magnets 201, 221 emits a magnetic field with a predeter-
mined magnetic field strength, wherein the third magnet 230
can emit a magnetic field with a predetermined magnetic
field strength, and wherein the strength of the magnetic field
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ol at least one of the first and second magnets 201, 221 can
be substantially greater than the strength of the magnetic

field of the third magnet 230.

According to some embodiments, the outer shell 211 can
constitute the main bulk of the weight of the magnetic field
device 200. Since the addition of the third magnet 230 can
reduce weight of other components as well as provide a
homogeneous and umiform magnetic field, it can be possible
to utilize an outer shell with reduced weight. In some
embodiments, a reduction of at least twenty percent can be
created for the total weight of the magnetic field device 200
in comparison to, for example, devices that do not have the
third magnet. In some embodiments, an increase of at least
thirty percent can be created for the magnetic field strength,
for example 1n comparison to, for example, device that do
not have the third magnet but have substantially the same
total weight of the magnetic field device 200. The third

magnet 230 can allow obtaiming stronger magnetic fields

and/or lower total magnet weight.

In some embodiments, the area of the fringe field can be
reduced from the center of the gap, for example for a limit
of a field of about 1 Gauss (sometimes referred to as the 1G
line) can be reduced at substantially 100 millimeters. There-
fore, reduction of fringe field can cause the dimensions of
the outer shell 211 to be reduced, for example, from sub-
stantially 860x1032 millimeters to substantially 786x894
millimeters. Reduction of the outer shell 211 can accord-
ingly cause a reduction of the total weight of magnetic field
device 200.

Overall weight of a magnetic field device can be reduced,
and for example an increase of over ten percent for the ratio
of magnetic field strength to total weight of at least the
combination of the first and second magnets and the at least
one third magnet. In some embodiments, an 1ncrease 1n
magnetic field caused by the third magnets can be larger than
the increase that may be achieved by a corresponding
enlargement of the first and second magnets (without a third
magnet). This 1s due to the alignment of the third permanent
magnets and also due to the scalability of the weight savings
such that addition of magnets can cause a reduction of
weight.

In some embodiments, the outer shell 211 can also have
a smaller surface area compared to a commercially available
magnetic resonance device, due to a reduction i fringe
weight of the outer shell and/or due to reduction of the fringe
field. Such reduction can occur since the addition of the third
magnet 230 can increase magnetic field i the gap 250,
between the first and second ferromagnetic elements 202,
222 and therefore reduce the fringe field of the magnetic
field device 200 so that there 1s no longer a need for the outer
shell 211 to be at same large weight and large surface area,
for example compared to a commercially available magnetic
resonance device.

In some embodiments, additional material, for example
including Iron, can be added to magnetic field device 200 1n
order to further confine and manmipulate the magnetic field 1n
the gap. In some embodiments, the added matenal, for
example including Iron and/or Titanium, can be added
adjacent to at least one magnet 201 and/or adjacent to at least
one ferromagnetic element 202.

It may be appreciated that regions of high magnetic flux
density causing external fringe fields can occur adjacent to
connection of the magnets, e.g., indicated with a dashed line
in FIG. 4A. In some embodiments, an outer shell (or
envelope), usually including Iron, surrounds the magnetic
resonance device to reduce the magnetic flux.
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In some embodiments, the third magnet 230 can prevent
at least a portion of magnetic flux from exiting a gap (e.g.,
an area where the magnetic field 1s directed). Magnetic field
device 200 can be utilized 1n order to provide a strong
magnetic field while providing reduced weight of the device,
for example utilized for magnetic resonant 1imaging or for
other devices where a strong magnetic field can be required.
It may be appreciated that addition of the third magnets can
counter the magnetic tlux, for example 1n regions 1indicated

with a dashed line 1n FIG. 4A, so as to, for example, reduce
the Iringe fields.

According to some embodiments, an existing magnetic
field system that includes two magnets, neither of which
includes a third magnet can be modified with 1nsertion of at
least one third magnet between the two magnets, 1n order to,
for example, increase the magnetic field within the gap
and/or reduce the fringe field. For example, a comparison
between three systems: a first system “A” without third
magnets, a second system “B” provided with at least one
third magnet, and a third system “C” that 1s modified with
the addition of at least one third magnet. In this example, in
weight comparison to the first system “A”, the second
system “B” can have weight reduced at about 5.5%, while
the third system “C” can have weight increase at about 6.5%.
In this example, in comparison to the first system “A” of
field strength i the gap, the second system “B” can have
increase ol about 15%, and the third system “C” can have
increase of about 13%. In this example, 1n comparison to the
first system “A” of fringe field reduction, the second system
“B” can have decrease of about 55%, and the third system
“C” can have decrease of about 16%. Therefore, 1n correct
positioning ol third magnets can provide various advantages
to new systems as well as to existing systems that can be
modified. It 1s apparent to one of ordinary skill 1n the art that
the example provided above gives exemplary weight reduc-
tion values for explanatory purposes, and that other com-
parison weight configurations are within the scope of the
invention.

Reference 1s now made to FIG. 3, which shows a flow
chart for a method of directing magnetic fields mto a
measurement volume, according to some embodiments of
the 1nvention.

The method includes generating a first magnetic field 1n a
first direction with a first magnetic field strength (Step 301).
For example, the first and second magnets 201 and 221 as
described above 1n FIG. 1B can direct a first magnetic field
in a first direction and having first magnetic field strength.

The method can further include distributing the first
magnetic field mto the measurement volume to create a
substantially uniform magnetic flux. (Step 302). For
example, the first ferromagnetic element 202 and/or the
second ferromagnetic element 222, as described above 1n
FIG. 1B can distribute the first magnetic field into the
measurement volume.

The method can further include increasing a total mag-
netic flux into the measurement volume by directing a
second magnetic field 1n a second direction with a second
magnetic field strength, where the second direction 1s par-
allel to the first direction (Step 303). For example, the third
magnet 230 as described above 1 FIG. 1 can direct a second
magnetic field in a second direction and having second
magnetic field strength. In some embodiments, the method
includes directing a third magnetic field 1n a third direction
having a third magnetic field strength, wherein the third
direction 1s perpendicular to the first direction. For example,
the fifth magnets 203 and/or sixth magnets 223 as described
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above 1 FIG. 2 can direct a third magnetic field in a third
direction and having third magnetic field strength.

In some embodiments, the method includes positioming an
object within the measurement volume, and performing
magnetic field analysis on the object (e.g., by using the
magnetic device 200 within a NMR device and/or an MRI
device).

In some embodiments, first, second and third magnetic
fields are directed such that a desired magnetic field strength
1s achieved. The desired magnetic field strength can be based
on a particular device performing the measurements and/or
object to be measured. For example, the desired magnetic
field strength can be between 0.5-1.5 T, for magnetic reso-
nance imaging of living human tissue. As 1s apparent to one
of ordinary skill in the art, the desired magnetic field
strength shown 1s for exemplary purposes only, and that the
desired magnetic field strengths can vary based on subject/
application of the magnetic field.

In some embodiments, the first magnetic field strength
and the first direction, and the second magnetic field strength
and the second direction are based on a size of the mea-
surement volume and/or type of object to be measured,
and/or any combination thereof. In some embodiments, the
total magnetic flux 1n the measurement volume can be a
substantially homogeneous field.

Reference 1s now made to FIGS. 4A-4H, which schemati-
cally illustrate a top cross-sectional view of some exemplary
configurations for magnetic components of a magnetic field
device (for example magnetic field device 200), according to
some embodiments of the mnvention. FIG. 4A schematically
illustrates a first exemplary configuration, where at least one
third magnet 430 (similar to the third magnet 230, as shown
in FIGS. 1-2) can be positioned adjacent to the first magnet
401 (similar to the first magnet 201, as shown 1n FIGS. 1-2),
for example perpendicularly. Such positioning can be uti-
lized to at least partially surround and/or envelope the gap
450 (similar to gap 2350, as shown in FIGS. 1-2). In some
embodiments, a plurality of the third magnets 430 can be
utilized, wherein each third magnet 430 (e.g., main magnets)
can have a different size and/or shape. In some embodi-
ments, the fifth and sixth magnets can be positioned such
that they do not physically contact the third magnets.

FIG. 4B schematically illustrates a first exemplary con-
figuration, where at least one {first intermediate magnet 432
(e.g., main magnet) can be positioned between two adjacent
third magnets 430. FIG. 4C schematically illustrates a first
exemplary configuration, where at least one second inter-
mediate magnet 434 ¢.g., main magnet) can be positioned
between adjacent third magnet 430 and first intermediate
magnet 432. In some embodiments, at least one of first
intermediate magnet 432 and/or second intermediate magnet
434 can be a permanent magnet.

According to some embodiments, an object (or a subject)
can be introduced to the gap (or measurement region), for
example 1n order to adjust an element therein, from any one
of four possible directions due to, for example, the symme-
try of the system. In some embodiments, access can also be
provided for introduction of cameras, air conditioning and/
or other equipment to be adjacent to the gap.

FIG. 4D schematically illustrates a first exemplary con-
figuration, where at least one {first intermediate magnet 442
can be positioned between two adjacent third magnets 440
and at least one second intermediate magnet 444 can be
positioned between two adjacent third magnets 440. Difler-
ent sizes and/or shapes of at least one first intermediate
magnet 442 and at least one second intermediate magnet 444
can allow differentiation of the magnets, e.g., providing
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smaller magnets of different shapes at particular locations
instead of single large magnet, 1 order to allow a desired
magnetic flux within the gap 450. In case that shape sym-
metry about an axis through the center of the third magnet
1s broken, ¢.g., for magnetic shimming and/or for creation of
an openming to allow access to the gap, other elements (e.g.,
permanent magnets) can be modified so as to maintain the
predetermined magnetic field. In some embodiments, a
break 1n symmetry, e.g., of the shape of the magnet, can
require modification of the outer shell as well.

FIG. 4E schematically 1illustrates a first exemplary con-
figuration, where at least one {first intermediate magnet 442
can be positioned at a predetermined distance, based on the
predetermined magnetic field strength, from the center of
first magnet 401, in order to allow a desired magnetic flux
within the gap 450. FIG. 4F schematically 1llustrates a first
exemplary configuration, where at least one first intermedi-
ate magnet 442 can be positioned between two adjacent third
magnets 440 and at least one second intermediate magnet
444 can be positioned between two adjacent third magnets
440. In some embodiments, addition of the at least one first
intermediate magnet 442 can be configured to further sup-
port the structure of the system and/or to create at least a
partial magnetic cage within the gap 450.

FIG. 4G schematically illustrates a first exemplary con-
figuration, where a circularly shaped third magnet 460 can
surround the gap 450. FIG. 4H schematically illustrates a
first exemplary configuration, where or a hexagon shaped
third magnet 470 can surround the gap 450. In some
embodiments, an opening can be provided 1n a third magnet

surrounding the gap 450 in order to allow insertion of an
object therein.

Reference 1s now made to FIGS. SA-5B, which show the
magnetic field device 500 (e.g., magnetic field device 200 as
described above 1n FIG. 2) including support elements. FIG.
5A schematically illustrates a frontal cross-sectional view of
a magnetic field device 500 having first support elements
511, according to some embodiments of the mvention. It
may be appreciated that the magnetic field device 500 can
include all elements of the magnetic field device 200 (e.g.,
as shown 1n FIGS. 1-2) with the addition of at least one first
support element 511 between the first ferromagnetic element
202 and the second ferromagnetic element 222.

According to some embodiments, at least one third mag-
net 530 can be added to a first support element 5311 such that
at least one air gap (not shown) can be created between the
third magnet 530 and the first and/or second magnets 201,
221. In some embodiments, instead of air gaps, a gap of
diamagnetic material can be formed therein.

FIG. 3B schematically 1llustrates a frontal cross-sectional
view ol a magnetic field device 500 having second support
clements 513, according to some embodiments of the inven-
tion. It may be appreciated that the magnetic field device 500
can include all elements of the magnetic field device 200
(e.g., as shown 1n FIGS. 1-2) with the addition of at least one
second support element 513. In some embodiments, the
outer shell 211 (or envelope) can contact at least one third
magnet 230 with at least one second support element 513 in
order to support the positioning of the third magnets 230. It
may be appreciated that such support of third magnets 230
can counter magnetic attraction forces acting on third mag-
nets 230, such that third magnet 230 can remain 1n the
desired position. In some embodiments, the at least one
second support element 513 can couple the third magnets
230 with at least one of the outer shell 211 and first and
second ferromagnetic elements 202, 222.
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Reference 1s now made to FIG. 6, which schematically
illustrates a frontal cross-sectional view of a head magnetic
field device 600, according to some embodiments of the
invention. The head magnetic field device 600 includes a
first magnet 201 and a first ferromagnetic element 202
coupled to the first magnet 201, and a second magnet 221
and a second ferromagnetic element 222 coupled to the
second magnet 221. The first magnet 201 and the second
magnet 221 can be positioned to create a gap 250 therebe-
tween, with the first ferromagnetic element 202 and the
second ferromagnetic element 222 positioned adjacent the
gap 250 and between the gap 250 and a respective first
magnet 201 and second magnet 221. The head magnetic
field device 600 can also include an opening 650, the
opening configured to allow, for example, at least partial
accommodation of a head 610 of a patient within the gap 250
(or measurement volume). In some embodiments, head
magnetic field device 600 can also 1nclude at least one third
magnet 230. It may be appreciated that while the head 610
of the patient 1s described here, any other body part can be
similarly introduced to the gap 250 for inspection, for
example and arm or a leg.

In some embodiments, magnetic resonance 1imaging ele-
ments (e.g., RF coil) can be coupled to the head magnetic
field device 600 1n order to allow 1imaging the head 610 of
the patient within the gap 250. In an exemplary embodiment,
the magnetic field strength for such a head magnet 1s above
4900 Gauss or about 4988 Gauss. In an exemplary embodi-
ment, the field of view for MRI 1maging within the gap 2350
1s a sphere with a diameter of about 190 millimeters. In an
exemplary embodiment, the diameter of the opening 650 to
the gap 250 1s above 660 millimeters or about 665 millime-
ters. In an exemplary embodiment, the dimensions for a
permanent head magnet are 1226x1226x866 millimeters.

Unless explicitly stated, the method embodiments
described herein are not constrained to a particular order 1n
time or chronological sequence. Additionally, some of the
described method elements can be skipped, or they can be
repeated, during a sequence of operations of a method.

Various embodiments have been presented. Each of these
embodiments can of course include features from other
embodiments presented, and embodiments not specifically
described can include various features described herein.

The mvention claimed 1s:

1. A magnetic field device, comprising:

a first magnet;

a first ferromagnetic element positioned adjacent to the
first magnet;

a second magnet;

a second ferromagnetic element positioned adjacent to the
second magnet and relative to the first ferromagnetic
clement to create a gap between the first ferromagnetic
clement and the second ferromagnetic element;

a third magnet positioned between the first ferromagnetic
clement and the second ferromagnetic element and
within the gap; and

a fourth magnet positioned between the first ferromag-
netic element and the second ferromagnetic element
and within the gap.

2. The magnetic field device of claim 1, wherein the third
magnet has a first surface that faces a first surface of the first
ferromagnetic element and a second surface that faces a first
surface of the second ferromagnetic element.

3. The magnetic field device of claim 2, wherein the first
surface of the third magnet abuts the first surface of the first
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ferromagnetic element and the second surface of the third
magnet abuts the first surface of the second ferromagnetic
clement.

4. The magnetic field device of claim 2, wherein the third
magnet has a dimension that allows the third magnet to
translate between a first position and a second position, the
first position being the first surface of the first ferromagnetic
clement, the second position being the first surface of the
second ferromagnetic element.

5. The magnetic field device of claim 1, wherein the
fourth magnet has a first surface that faces a first surface of
the first ferromagnetic element and a second surface that
faces a first surface of the second ferromagnetic element.

6. The magnetic field device of claim 1, wheremn the
fourth magnet has a dimension that allows the fourth magnet
to translate between a first position and a second position,
the first position being the first surface of the first ferromag-
netic element, the second position being the first surface of
the second ferromagnetic element.

7. The magnetic field device of claim 1, wherein the first
magnet, the second magnet and the third magnet are per-
manent magnets, superconducting magnets, or resistive
magnets.

8. The magnetic field device of claim 1, wherein the first
magnet, the second magnet and the third magnet have
dimensions that are based on a desired magnetic field
strength, a type of object to be imaged, or any combination
thereof.

9. The magnetic field device of claim 1, wherein the first
magnet, the second magnet and the third magnet has a length
between 10 and 1100 millimeters, a width between 10 and
300 millimeters, and a height between 45 and 200 millime-
ters.

10. The magnetic field device of claim 1, wherein the gap
has dimensions that are based on a type of object to be
imaged.

11. The magnetic field device of claim 1, wherein the gap
has a diameter of 190 millimeters.

12. The magnetic field device of claim 1, further com-
prising at least one fifth magnet coupled to the first magnet.
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13. The device of claim 1, wherein the third magnet 1s
positioned to cause a decrease of a magnetic field that 1s
peripheral to the magnetic field device.

14. The device of claim 1, wherein a first axis of the
magnetic field device 1s defined as passing from the first
terromagnetic element to the second ferromagnetic element,
wherein the first magnet and the second magnet are posi-
tioned to cause a magnetic field with a magnetization
direction along the first axis, and wherein the third magnet
1s positioned to cause a magnetic field with a magnetization
direction along the first axis.

15. The device of claim 14, wherein the magnetization
direction of the third magnet 1s opposite of the magnetiza-
tion direction of the first magnet.

16. The device of claim 1, wherein at least one of the first
and second magnets emits a magnetic fiecld with a predeter-
mined magnetic field strength, wherein the third magnet
emits a magnetic field with a predetermined magnetic field
strength, and wherein the strength of the magnetic field of at
least one of the first and second magnets 1s substantially
greater than the strength of the magnetic field of the third
magnet.

17. The device of claim 1, wherein the total magnetic field
produced during operation of the magnetic field device 1s
substantially homogeneous and uniform within the gap.

18. A magnetic field device, comprising:

a first magnet;

a first ferromagnetic element positioned adjacent to the
{irst magnet;

a second magnet;

a second ferromagnetic element positioned adjacent to the
second magnet and relative to the first ferromagnetic
clement to create a gap between the first ferromagnetic
clement and the second ferromagnetic element;

a third magnet positioned between the first ferromagnetic
clement and the second ferromagnetic element and within
the gap, wherein the magnetic field device 1s positioned
within an outer shell, the outer shell comprising a metal
alloy.
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